Abstract. Aberrant activation of the Wnt/β-catenin signaling pathway is frequently observed in glioblastoma (GBM) cells. Therefore, it was hypothesized that low-density lipoprotein receptor-related protein 6 (LRP6) may be involved in activating the Wnt/β-catenin pathway in the progression of GBM. The present study reported that the expression of microRNA (miR)-513c was markedly downregulated in GBM cells and GBM tissues compared with that in normal human astrocytes and normal brain tissues. Previous studies have demonstrated that miR-513c is critical in a variety of biological processes in various human cancer cells. The role of this miR in GBM cells was therefore investigated in the present study. Ectopic expression of miR-513c reduced the proliferation and anchorage-independent growth of GBM cells, whereas inhibition of miR-513c promoted this effect. Bioinformatic analysis further identified LRP6, a putative tumor suppressor, as a potential target of miR-513c. Luciferase reporter assays revealed that miR-513c directly bound to the 3'-untranslated region of LRP6 mRNA and repressed the expression at the transcriptional as well as the translational level. In functional assays, miR-513c suppressed GBM cell proliferation, which was reversed by an inhibitor of miR-513c. In conclusion, the present study provided compelling evidence that miR-513c functions as a tumor suppressor miRNA, which may be important in the inhibition of cell proliferation in GBM. In addition, the tumor suppressive effects were mediated predominantly through the direct suppression of the expression of LRP6.
Introduction
Glioblastoma (GBM) is the most common and most lethal type of brain tumor in adults (1) . The current treatment for GBM involves resection, followed by radiation and chemotherapy. Therefore, there is an urgent requirement to elucidate the underlying molecular mechanisms of GBM and identify novel molecular targets for the treatment of this disease.
MicroRNAs (miRs) are endogenous non-coding small RNAs, which suppress genes by triggering either mRNA degradation or translational repression by binding to the 3'-untranslated region (3'-UTR) of target mRNA (2) (3) (4) . miRNAs were confirmed to be involved in several processes, including cell proliferation, apoptosis, invasion and differentiation in various types of cancer (4, 5) . The Wnt signaling pathway is important in tumorigenesis. The low-density lipoprotein (LDL) receptor-related protein-6 (LRP6), a novel member of the expanding LDL receptor family, is a cell surface receptor and is critical in the activation of the canonical Wnt/β-catenin signaling pathway (6) (7) (8) . The underlying mechanism of the tumor suppressive function of miR-513 as well as its target genes have remained to be elucidated. The present study identified and investigated the targeted regulation of LRP6 by miR-513c in GBM cells and assessed its function in cell proliferation.
Materials and methods
Clinical specimens. Human GBM tissues (n=8) and normal brain tissues were obtained from patients with GBM at Shandong Provincial Hospital affiliated to Shandong University (Jinan, China). The present study was approved by the ethics committee of the Shandong Provincial Hospital Affiliated to Shandong University, Shandong University (Jinan, China) and written informed consent was obtained from all patients. Tissue samples were collected at surgery, immediately frozen in liquid nitrogen and stored until the total RNAs or proteins were extracted.
Cell culture. The human GBM cell lines LN319, SNB19, LN18, U251MG, U118MG, T98G, U373MG and LN382T were purchased from the American Type Culture Collection 
RNA extraction and reverse transcription quantitative (RT-q)PCR.
For miRNA quantification, the total RNA, including miR, was extracted from cultured cells and patient samples using the mirVana miRNA Isolation kit (Ambion, Austin, TX, USA), according to the manufacturer's instructions. The cDNA was synthesized from 5 ng total RNA using the Taqman miRNA reverse transcription kit (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA). The expression levels of miR-513c were quantified using the miRNA-specific TaqMan miRNA Assay kit (Applied Biosystems). The relative expression levels of miR-513c following normalization to U6 small nuclear RNA were calculated using 2 -[Ct(miR-513c)-Ct(U6)] . qPCR was performed using an SYBR kit (Qiagen, Shanghai, China) on a Light Cycler system (LightCycler480; Roche Diagnostics, Basel, Switzerland). The primers selected were as follows: LRP6 forward, 5'-CCTCAATGCGATTTGTTCC-3' and reverse, 5'-GGTGTCAAAGAAGCCTCTGC-3'; cyclin D1 for wa rd, 5'-TCCTCTCCA A A ATGCCAGAG-3' and reverse, 5'-GGCGGATTGGAAATGAACTT-3'; Myc for wa rd, 5'-TCA AGAGGCGA ACACACA AC-3' and reverse, 5'-GGCCTTTTCATTGTTTTCCA-3'; and LEF1 forward, 5'-CACTGTAAGTGATGAGGGGG-3' and reverse, 5'-TGGATCTCTTTCTCCACCCA-3'.
The expression was normalized against the geometric mean of GAPDH to control the variability in expression levels (GAPDH forward, 5'-GACTCATGACCACAGTCCATGC-3' and reverse, 3'-AGAGGCAGGGATGATGTTCTG-5') and was calculated as 2
.
MTT and colony formation assays. Cell growth was measured using an MTT assay. The SNB19 cells were seeded into 96-well plates in medium containing 10% FBS at 3,000 cells/well. For quantitation of cell viability, the cultures were stained after 1, 2, 3 and 4 days with MTT. Briefly, 20 µl 5 mg/ml MTT solution (Sigma-Aldrich) was added to each well followed by incubation at 37˚C for 4 h. The medium was then removed from each well and the resulting MTT formazan was solubilized in 150 µl dimethylsulfoxide (Sigma-Aldrich). The absorbance at 490 nm was measured using a Multiskan plate reader (Thermo Fisher Scientific).
For colony formation assays, the SNB19 cells were seeded into three 6-cm cell culture dishes (1x10 3 cells/well) and incubated for 10 days in medium containing 10% FBS. The colonies were washed with phosphate-buffered saline and stained with 1% crystal violet for 30 sec following fixation with 10% formaldehyde (Beyotime Institute of Biotechnology, Shanghai, China) for 15 min. The number of colonies, defined as >50 cells/colony, were counted. Three independent experiments were performed and the results were statistically analyzed using a paired t-test.
Anchorage-independent growth assay. The cells were trypsinized and 1,000 cells were re-suspended in 2 ml complete medium containing 0.3% agar (Sigma-Aldrich). The agar-cell mixture was seeded on top of a bottom layer, consisting of 1% agar in complete medium. The plates were incubated at 37˚C in a humid atmosphere of 5% CO 2 for 2 weeks until colony formation. The colonies were stained with 0.5% crystal violet for counting colony number under an inverted fluorescence microscope (Motic AE30; Microscope Systems Ltd., Glasgow, UK) and images of cell colonies were captured at magnification of x100. Only cell colonies containing >50 cells were counted. The experiment was performed three independent times for each cell line.
Luciferase assays. The cells were seeded in triplicate in 24-well plates (5x10 4 /well) and cultured for 24 h. The pGL3-luciferase reporter gene plasmid, pGL3-LRP6-3'-UTR, or the control-luciferase plasmid were co-transfected into the cells with the control pRL-TK Renilla plasmid (Promega Corporation) using Lipofectamine 2000 reagent (Invitrogen Life Technologies). Luciferase and Renilla activities were assayed 48 h following the transfection by lysing the cells with Cell Lysis solution (Beyotime Institute of Biotechnology) and detecting the fluorescence intensity using the dual luciferase assay kit.
Western blot analysis. The protein lysates were prepared and equal quantities (40 µg) of protein were subjected to 10% SDS-PAGE. The proteins were transferred onto polyvinylidene fluoride membranes for 2 h at 4˚C, at a current of 125 mA. The membranes were blocked with 5% non-fat milk (Beyotime Institute of Biotechnology) for 2 h and were subsequently incubated overnight with anti-LRP6 (#3395), anti-cyclin D1 (#2978), anti-C-Myc (#5605), anti-LEF1 (#2230) (1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA), anti-p84 (ab487; 1:2,000; Abcam, Cambridge, UK) and α-tubulin (1:2,000; Sigma-Aldrich), which was used as a reference protein. Following antibody incubation, the membranes were washed with Tris-buffered saline containing Tween-20 (TBST; Sigma-Aldrich) three times for 5 min each time. Following washing with TBST and incubation with either anti-rabbit horseradish peroxidase-conjugated secondary antibody (A0545; 1:5,000; Sigma-Aldrich) for 2 h at room temperature, immunocomplexes were visualized using the ECL Advanced Western Blotting Detection kit (GE Healthcare, Little Chalfont, UK) according to the manufacturer's instructions.
Statistical analysis. All statistical analyses were performed using SPSS 19.0 (International Business Machines, Armonk, NY, USA). Student's t-test was used to determine the significance of the differences between the two groups of data in all the pertinent experiments. P<0.05 was considered to indicate a statistically significantly difference.
Results

Expression of miR-513c is downregulated in GBM tissues and cell lines.
To investigate the role of miR-513c in the development of GBM, the expression levels of miR-513c in GBM tissues and GBM cell lines were assessed by RT-qPCR (Fig. 1A) . The results demonstrated that the expression levels of miR-513c were consistently lower in the GBM tissues compared with those in the normal brain tissues. In addition, in all eight GBM cell lines, significantly lower expression levels of miR-513c were observed compared with those in the NHAs. These results suggested that miR-513c is significantly reduced in GBM and may serve as a prognostic marker for patients with GBM.
miR-513c inhibits GBM cell proliferation. Since miR-513c was significantly downregulated in GBM tissues and cell lines, the present study investigated whether miR-513c exhibits a tumor suppressive role in the cell proliferation of GBM. SNB19 cells were transfected with miR-513c mimics, miR-513c inhibitor or the respective controls. The relative expression levels of miR-513c were confirmed using RT-qPCR ( Figs. 2A and 3A) . The effect of miR-513c on cell proliferation was determined using MTT, colony formation and anchorage-independent growth assays. To investigate the role of upregulation of miR-513c in the development and progression of GBM, its effect on cellular proliferation was assessed. An MTT assay demonstrated that miR-513c-transduced SNB19 cells exhibited significantly lower growth rates compared with those in the control cells at day four after seeding (Fig. 2B) . The colony formation assays consistently revealed that enforced expression of miR-513c significantly reduced the number of colonies of SNB19 cells following 14 days of culture compared with that in the control group (Fig. 2C) . Of note, it was demonstrated that enforced expression of miR-513c in SNB19 cells significantly decreased their anchorage-independent growth ability (Fig. 2D) . By contrast, the cell growth rates and colony numbers of SNB19 cells transfected with the miR-513c inhibitor (miR-513c-in) were significantly higher compared with those transfected with the NC (Fig. 3B and C) . In addition, the anchorage-independent growth ability of SNB19 cells was significantly increased in following transfection with miR-513c-in (Fig. 3D) . These results demonstrated that miR-513c reduced GBM cell tumorigenicity in vitro.
miR-513c directly targets LRP6 by binding to its 3'-UTR.
It is generally accepted that miRNAs exert their functions by regulating the gene expression of their downstream target genes (2-4). Bioinformatic analysis was used to search for the potential regulatory targets of miR-513c. LRP6, a tumor suppressor gene containing a binding site for miR-513c, was selected as the target gene for further analysis (Fig. 4A) .
To determine whether miR-513c affected the expression of LRP6, the expression levels of LRP6 were detected in the SNB19 cells, which were transfected with miR-513c mimics, miR-513c-in or the respective controls. Western blot analysis demonstrated that the miR-513c mimics markedly suppressed the protein expression of LRP6 in SNB19 cells (Fig. 4B) , 
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while miR-513c-in clearly promoted the protein expression of LRP6. To confirm the effect of miR-513c on the inhibition of the expression of LRP6, the present study assessed whether LRP6 was regulated by miR-513c through direct binding to its 3'UTR. A LRP6 3'-UTR wild-type vector was co-transfected into SNB19 cells with either the miR-513c mimic, miR-513c-in, miR-513c-mut or miR-NC, followed by measurement of luciferase activity. As shown in Fig. 4C , a consistent and dose-dependent reduction in the luciferase activity was observed in SNB19 cells transfected with the miR-513c mimic, whereas LRP6 luciferase activity was increased in the presence of miR-513c inhibitor. In addition, overexpression of miR-513c-mut had no significant effect on the luciferase activity of the LRP6 3'-UTR. These results demonstrated that LRP6 is a bona fide target of miR-513c.
miR-513c alters the levels of proteins associated with proliferation in GBM cells. The expression levels of a number of critical cell-proliferation regulators were also detected. It was previously reported that LRP6 is closely correlated with Wnt/β catenin signaling activity (6) (7) (8) . The present study assessed the mRNA expression levels of the downstream genes in the Wnt/β-catenin signaling pathway. The downstream genes regulated by Wnt/β-catenin, cyclin D1, Myc and LEF1 were all significantly downregulated by miR-513c and upregulated by the miR-513c inhibitor (Fig. 4D) . Furthermore, the protein expression levels of β-catenin, c-Myc and cyclin D1 were reduced in SNB19 cells transfected with the miR-513c mimic, however, their expression was upregulated in the cells transfected with miR-513c-in compared with that in the control cells (Fig. 4E ). These findings provided further evidence that miR-513c is important in GBM cell proliferation. These results indicated that miR-513c functionally modulates the cellular proliferation regulators c-Myc, LEF-1, cyclin D1 and β-catenin, and is therefore relevant to cell proliferation.
LRP6 upregulation is required for miR-513c-in-induced proliferation of GBM cells.
To further investigate the role of LRP6 promotion in miR-513c-in-induced GBM proliferation, the effects of downregulation of LRP6 on GBM cell proliferation were assessed. As predicted, western blot analysis confirmed that LRP6-siRNA # 1 and LRP6-siRNA # 2 effectively decreased the expression levels of LRP6 in miR-513c-in-transfected SNB19 cells (Fig. 5A) . Colony formation and anchorage-independent growth assays revealed that miR-513c-in in the LRP6-silenced cells had no additive effect on cell proliferation ( Fig. 5B and C) . These results demonstrated that direct upregulation of LRP6 was required for miR-513-in-induced GBM cell proliferation.
Discussion
miRNAs are a class of small (22 nucleotides), non-coding, highly conserved single-stranded RNAs with post-transcriptional regulatory features, and are important in multiple biological processes, including the regulation of cell proliferation, differentiation, survival and apoptosis (3, 9, 10) . The present study demonstrated that the expression levels of miR-513c were significantly downregulated in GBM tissues and GBM cells compared with those in the NHAs and normal brain tissues. Furthermore, ectopic expression of miR-513c decreased the growth rate and anchorage-independent growth of GBM cells, whereas miR-513c-in caused the opposite effect, indicating that miRNA-513c may function as a tumor suppressor miRNA. Through bioinformatic analysis, the LRP6 tumor promoter gene was identified as a theoretical miRNA-513c target gene. Western blot analysis demonstrated that ectopic miR-513c expression markedly reduced the protein expression levels of LRP6, whereas miR-513c-in clearly promoted the protein expression of LRP6. In addition, a luciferase reporter assay demonstrated that the downregulation of LRP6 was mediated by miR-513c through the LRP6 3'-UTR. These results demonstrated that LRP6 is a bona fide target of miR-513c.
LRP6 is a novel member of the expanding LDL receptor family, functions as an indispensable co-receptor and is critical in the activation of the canonical Wnt/β-catenin signaling pathway (11) (12) (13) (14) (15) . Wnt/β-catenin signaling controls fundamental cellular processes and aberrant activation of this pathway is implicated in several types of human cancer (16) (17) (18) . β-catenin is one of the major cellular effectors of the Wnt signaling pathway, which is essential in development and tissue maintenance (19) . It is well known that the β-catenin signaling pathway is essential in the pathogenesis of various types of human cancer (16, 20, 21) . The present study aimed to further investigate the molecular mechanisms of growth inhibition induced by miR-513c. The expression of β-catenin was decreased in SNB19 cells transfected with the miR-513c mimic; however, was upregulated in the cells transfected with miR-513c-in. Furthermore, the expression levels of β-catenin downstream genes, including cyclin D1, Myc and LEF-1, were determined. CyclinD1, Myc and LEF-1 have been identified as target genes of the Wnt/β-catenin signaling pathway, exerting a pivotal role in human cancer carcinogenesis (22) (23) (24) (25) (26) . The present study demonstrated that the mRNA expression levels of these molecules were all significantly suppressed, suggesting that miR-513c may be an important regulator of this signaling pathway. Consistent with these observations, the protein expression levels of cyclin D1 and c-Myc were markedly upregulated following transfection with the miR-513c inhibitor and downregulated following overexpression of miR-513c. Furthermore, inhibition of miR-513c in the LRP6-silenced cells revealed no additive effect on cell proliferation, suggesting that direct upregulation of LRP6 was required for miR-513c-in-induced GBM cell proliferation.
In conclusion, the present study revealed that miR-513c is a tumor suppressor miRNA in GBM cells and that LRP6 is a direct target of miRNA-513c. Therefore, these findings indicated that miR-513c may serve as a potential therapeutic target for the treatment of GBM.
